Exact closed-form expressions for the electromagnetic induction fields produced by vertical and horizontal current sources in the conducting ocean overlying a one-dimensional earth are derived from the Maxwell equations. Numerical methods for the evaluation of the solutions are given, including correction for the finite size of real sources. Simple models of the electrical conductivity structure of the ocean crust and lithosphere are deduced from geologic, petrologic, and laboratory data, and their electromagnetic response is modeled. Horizontal electric dipole sources produce much larger field amplitudes than their vertical counterparts for a given frequency and range, and the horizontal electric field offers superior received signal performance. Reflections of electromagnetic waves from the sea surface and thermocline must be considered for low enough frequencies or long ranges. Estimates of the ambient noise level from natural electromagnetic sources in the frequency range 0.01--10 Hz are presented. The ability of controlled sources to determine features of the conductivity of the ocean crust and upper mantle, especially low conductivity zones, is demonstrated. If the mantle conductivity is low enough, horizontal ranges of 50 km and conductivity estimates to over 20 km depth can be achieved.
INTRODUCTION
Over the past two decades, natural electromagnetic fields at the floor of the deep ocean have been measured and used to infer the electrical conductivity of the upper mantle by the magnetotelluric method [Cox et al., 1970; Filloux, 1980 Filloux, , 1981 Law and Greenhouse, 1981; Chave et al., 1981] . All of these studies indicate rising conductivity at depths of 60--200 km, but the data are unable to resolve either the conductivity of the crust and lithosphere or the thickness of the high-conductivity region underlying the lithosphere. This is due in large part to the band limited nature of the natural electromagnetic spectrum beneath the ocean. At frequencies above a few cph the ionospheric signals at the seafloor are attenuated by the conducting seawater and masked by various forms of oce-derived from the Maxwell equations, and exact solutions suitable for numerical evaluation are obtained. Any of the four artificial source types can be constructed from these expressions by suitable integrations. Electromagnetic waves generated at the ocean-crust interface damp out rapidly with range, in contrast to the terrestrial situation.
Combined with the low ambient noise level, this yields much greater sensitivity of electromagnetic methods in the ocean compared to land. We illustrate this by modeling some simple oceanic crustal conductivity structures.
The emphasis in this paper is on the forward geophysical problem and the ability to detect changes of conductivity at depth in the earth. In a subsequent paper, we will examine the inverse problem for an artificial source and investigate the separate question of resolution capability. The source current has been decomposed in (6) into exactly those parts which produce TM modes, Jz ø and V hT, and that part which produces a TE mode, V x (Y}). At any horizontal boundary, the usual conditions on the tangential electric and magnetic fields, the normal magnetic field, and the normal current must be satisfied. Using (5) and (11), it is easy to show that continuity of •P, Oz•, H, and (1/cr)(OzH-T) meets these requirements.
POINT CURRENT SOLUTIONS
Solutions of (7)--(10) for either vertical or horizontal current sources serve the purpose of Green functions since the fields from an arbitrary source can be constructed from them by summation or integration. From (9) it is clear that a VED source produces only TM modes, while (9) and (10) indicate that an HED source produces both TE and TM modes. It can be shown that VMD sources induce only TE modes, while HMD sources induce only TM modes. The HED is the most general case and will be considered in detail in this paper, but the expressions given are applicable to any o• the four source typesß An artificial point source at the coordinates (0, 0, z') with magnitude p --Idl, where I is the source current and dl is its infinitesimal length is represented by jo = pS(x)8(y)8(z-z')
where 8 is the Dirac delta function. General horizontal location of the source will be considered later.
Equations (9) and (10) are most easily solved by using the Bessel transform pair
• (k,z) = •o dp Jo(kp)pf (p,z) 
It should be noted that a Bessel function with argument (19) can be expanded into a series of products of Bessel functions and trigonometric functions [Watson, 1962] .
This yields the formal eigenfunction expansion solution of (9) The subscripts on z refer to the larger or smaller of the field point z and the source point z'. The horizontal current source requires solutions of (7) and (8). We consider a point current oriented along the y axis ({b'-0); the conjugate solution is straightforward. Substituting (12) into (7), solving for T, using a Green function for (9), and integrating by parts yields the TM 
THE ELECTROMAGNETIC FIELDS
The electrical conductivity of seawater is almost entirely a function of temperature and salinity, with a very small pressure effect [Horne and Frysinger, 1963] . In the ocean the gross thermal and salinity structure consists of a thin surface layer of warm water separated from a thick, cold water mass by the main thermocline. The subthermocline ocean has a nearly uniform electrical conductivity of 3,2 S/m. In this section the ocean will be modeled as a unit form half space. This is a good approximation except in shallow water or at very low frequencies (<0.05 Hz) when the source is located near the seafloor. The complete solution for an HED source, including the effect of internal reflections from a thermocline or the sea surface, is contained in Appendix A. For simplicity the treatment here is limited to a point source; again the complete solution is in the appendix. Figure 1 illustrates the geometry.
Point source solutions for the electromagnetic potentials II and xp are found by combining (16)--(18) for a uniform whole space with solutions of (9) and (10) 
ELECTROMAGNETIC RESPONSE OF THE OCEAN LITHOSPHERE
In this section the electromagnetic response of simple models of the ocean and ocean lithosphere will be explored. The purpose of the analysis is both to gain some insight into the behavior of the electromagnetic fields in the presence of conductive structure and to place some broad constraints on the experimental variables--source frequency and source-receiver range--that are used in actual measurements.
In all cases the earth is modeled as a stack of layers for computational and conceptual simplicity.
The VED source will not be considered further since Edwards et al. [1981] have discussed it in depth. It should be noted that the electromagnetic fields generated by a VED are both weaker by a factor of at least 100 for a given range and frequency and attenuate more rapidly with range when compared to those from an HED with the same source strength. This is caused by reduced coupling of the VED electromagnetic fields to the low dissipation rock and suggests that much deeper penetration will be obtained using the HED source. The electrical conductivity of seawater varies between 3.2 and 5 S/m, with the higher value occurring in the warm, near-surface waters. The ocean will be treated as a uniform half space with a conductivity of 3.2 S/m in most of the models of this section. By contrast, the electrical conductivity of the crust and mantle has not been measured extensively, particularly the less accessible zone below seismic layer 2. A model for the crust will be presented which suggests that the highest electrical conductivity normally occurs near the surface. extremes at ranges of the order of one skin depth in the lithosphere the near field is encountered and is the region where significant attenuation and dispersion of the electromagnetic fields begins to be manifest. It is quite apparent that the fields are preferentially sensitive to low-conductivity material. The amplitude change shown in Figure 8 is an order of magnitude larger than that of Figure 7 , and the phase shifts are also bigger. At a fixed source-receiver range an initial decrease in amplitude is followed by a larger increase as frequency rises for the high-conductivity case. The sense of the field change is reversed for the low-conductivity material. This pattern repeats in an oscillatory manner at higher frequencies and is the result of internal trapping of electromagnetic energy. Note that a larger range is required to produce amplitude change for the low-conductivity zone, but the phase does change significantly at shorter separations. The magnetic field is only slightly less sensitive to structure as compared to the electric field.
CONDUCTIVITY MODEL OF THE OCEAN CRUST
As noted previously, the ocean crust must exhibit a decrease in electrical conductivity beneath seismic layer 2 to explain the results obtained by Young and Cox [1981] , and more detailed conductivity models will be considered based on field and laboratory data. Our knowledge of typical ocean crustal and mantle structure comes from terre strial ophiolite exposures and deep ocean seismic studies. The most thoroughly studied ophiolites are those in Oman [Coleman, 1981] [Shankland, 1975] . By combining the field observations with laboratory data on basalts and ultramafic rocks Manghnani, 1977, 1978] , the tollowing conductivity obvious, and marked phase differences between the two crust models are observed at long source-receiver separations. Figure 11 shows the same two models at ranges of 3, 4, 5, and 8 km. Amplitude and phase differences are large, especially at 4 km and high frequencies. This variation is caused by the deep crustal layer, and the active source method is capable of detecting differences in structure at such depths. finite size of real sources is important at short sourcereceiver separations, (4) the effect of reflections off of the sea surface will be important at large source-receiver separations, low frequencies, or in relatively shallow water, and (5) the choice of transmitter and receiver locations and source frequencies will affect the resolution ability of actual data. Of these points, 3 and 4 are easily incorporated into the theory if both water depth and source location are accurately determined. The former is accomplished by acoustic ranging on transponders located at the ends of the transmitter antenna.
Figures 7--8 and 10--11 show that deep structure does influence the electromagnetic fields at all ranges and over a wide band of frequencies. The choice of these parameters is structure dependent and will influence the resolution ability of the data. Quantitative assessment of this will be deferred to a subsequent paper, but some guidelines can be inferred from the models. Since electromagnetic induction is a diffusive process, data collected at long ranges will reflect an average conductivity over a greater depth zone than for shorter source-receiver spacings. This is clearly reflected in Figures 10 and 11, field amplitudes given by Larsen [1971] or Chave [1982] with the Piers0n-Moskowitz wind wave power spectrum [Phillips, 1977] . 
